At the pyruvate branch point, the fermentative and oxidative metabolic routes diverge. Pyruvate can be transformed either into lactate in mammalian cells or into ethanol in yeast, or transported into mitochondria to fuel ATP production by oxidative phosphorylation. The recently discovered mitochondrial pyruvate carrier (MPC), encoded by MPC1, MPC2, and MPC3 in yeast, is required for uptake of pyruvate into the organelle. Here, we show that while expression of Mpc1 is not dependent on the carbon source, expression of Mpc2 and Mpc3 is specific to fermentative or respiratory conditions, respectively. This gives rise to two alternative carrier complexes that we have termed MPC FERM and MPC OX . By constitutively expressing the two alternative complexes in yeast deleted for all three endogenous genes, we show that MPC OX has a higher transport activity than MPC FERM , which is dependent on the C-terminus of Mpc3. We propose that the alternative MPC subunit expression in yeast provides a way of adapting cellular metabolism to the nutrient availability.
Introduction
Pyruvate is a critical cellular metabolite that is the end product of glycolysis and has two major metabolic fates. In mammalian cells, it can be reduced by lactate dehydrogenase, thereby restoring the cellular pool of NAD + that is needed to keep glycolysis running. If this pathway is used, the net energy yield is only the two molecules of ATP per molecule of glucose obtained through glycolysis. Alternatively, pyruvate can be transported into mitochondria and oxidized by the pyruvate dehydrogenase complex (PDH) to enter the TCA cycle. Through oxidative phosphorylation, more than 30 ATP molecules per molecule of glucose can be produced inside mitochondria. Pyruvate is thus located at a key metabolic branch point, and how pyruvate is processed has a major influence on the overall metabolism of the cell (Gray et al, 2013) . Although counterintuitive at first glance, many cancer cells rely primarily on glycolysis for energy production. This phenomenon has been described as early as 1924 by Otto Warburg and is now referred to as the "Warburg effect" (reviewed by Koppenol et al, 2011) . The paradox that rapidly proliferating cells preferentially use an inefficient way of energy production can be explained by the high availability of glucose in multicellular organisms. More precisely, it is not ATP production, but the synthesis of biomolecules that are required for biomass expansion, like amino acids, lipids, and nucleotides, which appears to be the limiting factor for rapidly dividing cells and is favored by a high rate of glycolysis (Vander Heiden et al, 2009) . Remarkably, the situation in cancer cells is reminiscent of that in some rapidly proliferating microorganisms when grown in an excess of nutrients. The unicellular model organism Saccharomyces cerevisiae (baker's yeast), for example, shows the so-called Crabtree effect (De Deken, 1966) , according to which glucose is preferentially fermented to produce ethanol, even in the presence of oxygen. As yeast can shift readily between fermentative and oxidative metabolism dependent on the carbon source available, it has been suggested to be an ideal simple model to study the metabolic reprogramming associated with the shift toward aerobic fermentation (Diaz-Ruiz et al, 2011) .
Consistent with this, many common features regarding metabolic enzyme composition are shared between cancer cells and fermenting yeast (Diaz-Ruiz et al, 2009) . At the pyruvate branch point, pyruvate decarboxylase (PDC) in fermenting yeast and lactate dehydrogenase in cancer cells are hyperactive, favoring the production of ethanol or lactate, respectively (Van Urk et al, 1990; Rong et al, 2013) . In addition to overexpression of the enzyme, yeast PDC is activated by phosphorylation (de Assis et al, 2013) , while yeast PDH, responsible for the conversion of pyruvate to acetyl-CoA inside mitochondria, is inactivated by phosphorylation. PDH activity is controlled by two kinases and two phosphatases, homologs of which are also present in mammalian mitochondria (KrauseBuchholz et al, 2006; Gey et al, 2008) . In mammals, PDH was shown to be activated during oncogene-induced senescence (Kaplon et al, 2013) , and these authors concluded that cancer cells require inactive PDH in order to proliferate.
While the enzymes at the pyruvate branch point have been extensively studied, less is known about the machinery that mediates pyruvate uptake into the mitochondrial matrix. Like most metabolites, pyruvate is believed to cross the mitochondrial outer membrane through the porins, the homologs of the voltagedependent anion channel (VDAC) in yeast (Lee et al, 1998) . While the existence of a mitochondrial pyruvate carrier (MPC) in the mitochondrial inner membrane has been known for many years (Papa et al, 1971; Halestrap & Denton, 1974) , its molecular identity has only recently been discovered (Bricker et al, 2012; Herzig et al, 2012) . In S. cerevisiae, the carrier is encoded by three homologous genes (MPC1, MPC2, and MPC3), while only two genes have been identified in mammals and flies. Recently, an MPC has also been described in plants (Li et al, 2014) . The gene products are conserved mitochondrial inner membrane proteins that migrate on Blue Native PAGE (BN-PAGE) as a complex of~150 kDa (Bricker et al, 2012) . MPC proteins are required for pyruvate import into isolated mitochondria (Bricker et al, 2012; Herzig et al, 2012) . Moreover, mouse MPC1 and MPC2 could be functionally reconstituted in Lactococcus lactis, showing that the two protein components are also sufficient for pyruvate uptake (Herzig et al, 2012) . While the exact stoichiometry of the MPC subunits has not been determined, a very recent structural analysis of bacterial SemiSWEET transporters (Xu et al, 2014) , which share some similarity with MPC proteins, suggests that the MPC may be a dimer.
In yeast, mitochondrial pyruvate is the precursor for biosynthesis of branched-chain amino acids (BCAA) (Kohlhaw, 2003) , and thus, growth in the absence of leucine and valine provides a means of monitoring MPC activity (Bricker et al, 2012; Herzig et al, 2012) . Since MPC2 and MPC3 are about 80% identical, and either gene in combination with MPC1 is sufficient for growth in medium lacking BCAA, it was proposed that their function could be redundant (Bricker et al, 2012; Herzig et al, 2012) . MPC3 gene expression, however, has previously been shown to be induced by the nonfermentable carbon source glycerol (Timón-Gómez et al, 2013) , implying that MPC subunit composition is subject to regulation. If and how mitochondrial pyruvate uptake is generally regulated and whether this regulation might participate in the metabolic reprogramming occurring during the Warburg and Crabtree effects remain to be determined.
In this work, we have investigated mitochondrial pyruvate uptake in S. cerevisiae. We show that, depending on the carbon source, yeast cells express two different complexes containing either Mpc1 and Mpc2 (MPC FERM ) or Mpc1 and Mpc3 (MPC OX ). Furthermore, by using constitutive promoters in a triple mpc deletion strain, we have expressed MPC FERM and MPC OX under the same growth conditions to compare their respective pyruvate transport activities. We demonstrate that transport activity of MPC OX is significantly higher than that of MPC FERM and that the C-terminal domain of Mpc3 is largely responsible for the higher activity. We thus conclude that the subunit composition of the MPC is responsive to the nutrient status of the environment and plays a role in regulating the metabolic decision at the pyruvate branch point.
Results

Yeast cells express alternative MPC complexes depending on the carbon source
We chose the yeast S. cerevisiae as a model organism to investigate regulation of the MPC because yeast cells use either fermentative or oxidative metabolism depending on the carbon source that is provided in the growth medium. This allows an experimental setup in which the fate of pyruvate can be determined experimentally. In the presence of glucose, pyruvate is decarboxylated by PDC, which is the entry point into fermentation. On the other hand, when yeast is grown in a non-fermentable carbon source like glycerol, the majority of pyruvate is taken up into mitochondria by the MPC (Pronk et al, 1996) . We therefore sought to determine the expression pattern of the MPC subunits depending on the carbon source present in the growth medium. We isolated mitochondria from yeast strains in which Mpc1, Mpc2, or Mpc3 had been fused C-terminally to a 3HA-tag but were expressed from their endogenous promoters (Herzig et al, 2012) . Cells were grown in rich medium containing either glucose (YPD) or glycerol (YPG). When we analyzed MPC subunit expression by Western blot, we found that Mpc1 was expressed in both conditions, while Mpc2 and Mpc3 were expressed selectively in either fermentative or respiratory conditions, respectively ( Fig 1A) . While Mpc3 was completely absent in YPD, a faint trace of Mpc2 could be detected in YPG.
Because mitochondrial pyruvate is also the precursor for biosynthesis of BCAA, MPC deletion mutants show slower growth in media lacking leucine and valine (Supplementary Fig S1A; Bricker et al, 2012; Herzig et al, 2012) . We thus checked whether growth in glucose-containing synthetic medium lacking all amino acids (SDÀAA) had any effect on MPC subunit expression pattern. Interestingly, under these conditions, we observed an increase in Mpc2 abundance ( Supplementary Fig S1B) . However, we found no difference compared with synthetic medium containing amino acids (SD+AA). Mpc3 was not detected in either growth condition ( Supplementary Fig S1B) , once more implying that a nonfermentable carbon source is needed for the induction of this subunit. In conclusion, yeast mitochondria express Mpc1 and Mpc2 during fermentative growth and Mpc1 and Mpc3 under respiratory conditions, while the availability of BCAA had no effect on subunit expression.
Next, we decided to investigate the kinetics of Mpc2 replacement by Mpc3 when yeast cells are shifted from glucose-to glycerolcontaining medium. We grew MPC2-HA and MPC3-HA yeast in YPD until mid-log phase and then shifted them to YPG for up to 24 h. Remarkably, Mpc3-HA could be detected by Western blot as early as 1 h after the shift and increased only moderately from that time point on (Fig 1B, lanes 7-12) . Mpc2-HA, on the other hand, was found to decrease gradually over time (Fig 1B, lanes 1-6) .
As Mpc1 was previously shown to interact physically with Mpc2 (Bricker et al, 2012; Herzig et al, 2012) , and since Mpc2 and Mpc3 are paralogs with 80% identity, we reasoned that Mpc1 might also form a complex with Mpc3 under conditions where Mpc2 is absent. We therefore investigated MPC1-HA, MPC2-HA, and MPC3-HA mitochondria by BN-PAGE, a method used to investigate protein complexes by native gel electrophoresis. When mitochondria were isolated from cells grown in YPD, we observed a complex with an apparent molecular mass of~150 kDa composed of Mpc1-HA and Mpc2-HA (Fig 1C, lanes 1 and 2) , as previously described (Bricker et al, 2012) . On the other hand, in mitochondria from cells grown in YPG, we observed a complex that migrated slightly slower and contained Mpc1-HA and Mpc3-HA (Fig 1C, lanes 3 and 4) . The slower migration is probably due to the slightly larger Mpc3 compared to Mpc2 (16.2 versus 14.5 kDa). Even though in BN-PAGE Mpc1-HA was less well detected than Mpc2-HA or Mpc3-HA with the anti-HA antibody, expression levels were similar, as shown by the results in Fig 1A. Some cross-reactivity of our antiserum with other proteins was also observed (denoted by asterisks in Fig 1C) . This is likely to be with respiratory chain complexes that are very abundant in yeast grown in YPG but almost absent in YPD.
Taken together, our results suggest that two alternative MPC complexes exist in yeast mitochondria depending on the carbon source: An MPC FERM complex consisting of Mpc1 and Mpc2 is present with YPD, while an MPC OX complex consisting of Mpc1 and Mpc3 is found with YPG. Curiously, under respiratory conditions, we consistently observed a higher molecular weight complex of about 300 kDa that also contained both Mpc1-HA and Mpc3-HA (Fig 1C, 300K ). This additional complex was only present in respiratory conditions, and no comparable structure could be detected when Mpc1 was complexed with Mpc2 in glucose-grown mitochondria. with centromeric expression plasmids that contained epitope-tagged MPC genes under the control of a constitutive promoter. As MPC proteins normally exhibit a low level of endogenous expression, we chose to use the CYC1 promoter that has relatively weak activity (Mumberg et al, 1995) . Comparison of protein levels when MPC1-HA was expressed from either the CYC1 or its endogenous MPC1 promoter showed that the constitutive promoter resulted in only a moderate level of protein overexpression (Supplementary Fig S1C) . As expected, co-expression of either Mpc1 and Mpc2 or Mpc1 and Mpc3 was able to rescue the growth defect of the triple mutant in minimal medium lacking amino acids, while expression of either subunit alone did not rescue (Fig 2A) , suggesting that the expression of either MPC complex restored pyruvate transport activity. We then examined whether proteins were indeed expressed in both combinations and assembled into the alternative complexes MPC FERM and MPC OX . Western blot and immunodetection with antibodies directed against the HA or Flag epitope tags confirmed the presence of plasmid-derived proteins in isolated mitochondria (Fig 2B, lanes 5 and 6) . Importantly, the alternative subunits Mpc2 and Mpc3 were present in approximately equal amounts. Even in the absence of Mpc1, the expression of Mpc2 and Mpc3 was unaffected ( Fig 2B, lanes 3 and 4) . Mpc1, on the other hand, was barely detectable when no other carrier subunit was present (Fig 2B, lane 2, and Supplementary Fig S1C) , indicating that the protein is not stable under these conditions. Formation of MPC complexes was examined by BN-PAGE. Both MPC FERM and MPC OX were formed as expected by Mpc1/Mpc2 or Mpc1/Mpc3, respectively (Fig 2C, lanes 3, 4, 8 and 9) . Furthermore, as seen previously, the~300-kDa complex was only formed in the presence of Mpc1 and Mpc3, indicating that this complex is dependent on protein composition rather than the growth conditions. Interestingly, Mpc2 or Mpc3 alone was also able to form complexes, which migrated slightly faster than the respective complex containing Mpc1 (Fig 2C, lanes 6 and 7) . However, these are not functionally active as seen by the failure to rescue the growth defect of the triple mpc mutant (Fig 2A) , and as assayed directly (see Fig 4 below ).
Finally, we have confirmed complex formation by co-immunoprecipitation. Mitochondria were purified from appropriately transformed cells and lysed with 1% digitonin, and either Mpc2 or Mpc3 was pulled down by virtue of a C-terminal Flag-tag. In both cases, HA-tagged Mpc1 was co-immunoprecipitated ( Fig 2D) . Taken together, these data show that both plasmid-derived MPC FERM and plasmid-derived MPC OX were correctly assembled and able to transport pyruvate into mitochondria.
Chemical cross-linking reveals a heterodimeric composition of the MPC
We next decided to examine in more detail some of the molecular properties of the reconstituted MPC complexes. In particular, since a comparison with similar carriers suggested that the MPC might be dimeric (Jezegou et al, 2012; Xu et al, 2014) , we were interested in determining the subunit stoichiometry for each complex. To do this, we treated isolated mitochondria with the membrane-permeable, amino-reactive cross-linker disuccimidyl glutarate (DSG) in order to covalently link the MPC subunits present in close proximity. The size of the cross-linked oligomers was estimated by SDS-PAGE and immunoblot. For Mpc2-Flag ( Fig 2E) and Mpc3-Flag (Fig 2F) , cross-linking resulted in the detection of a higher molecular weight band at about 30 or 32 kDa, respectively, corresponding to the size of a hypothetical dimer. Furthermore, Mpc1-HA was cross-linked to a product of exactly the same size as the Mpc2-Flag-or Mpc3-Flag-containing dimer, depending on what subunit it was co-expressed with (Fig 2E and F) . This, and the co-immunoprecipitation of Mpc1 with Mpc2 or Mpc3 (Fig 2D) , strongly indicates that the observed cross-link product is a heterodimer of either Mpc1 and Mpc2 or Mpc1 and Mpc3. Both MPC FERM and MPC OX thus appear to be heterodimers composed of Mpc1 complexed with either Mpc2 or Mpc3, respectively.
Interestingly, a dimer band was also detected for Mpc3-Flag in the absence of cross-linker ( Fig 2F, line 3) , which indicates that a small fraction of the complex is resistant to SDS and heat treatment. In agreement with this notion, when a sample without cross-linker was not heated at 95°C prior to SDS-PAGE, the amount of dimer was increased ( Supplementary Fig S2A) . On the other hand, the amount of dimer was not increased under non-reducing electrophoresis conditions ( Supplementary Fig S2A) , indicating that the two subunits are not covalently linked by a disulfide bond.
Since we had observed by BN-PAGE that Mpc2 and Mpc3 were able to form complexes when expressed without Mpc1 (Fig 2C) , we also performed a DSG cross-linking experiment using mitochondria containing either Mpc2 or Mpc3 alone. Indeed, both proteins could be cross-linked into homodimeric forms with the predicted molecular weight (Supplementary Fig S2B) . To test whether homodimers are also able to form in the presence of Mpc1, we transformed mpc2Δmpc3Δ cells with plasmids coding for either Mpc2 or Mpc3 with two different epitope tags. By immunoprecipitation from mitochondrial lysates, we confirmed in both cases the occurrence of homomeric interactions (Supplementary Fig S2C) . This strongly indicates that Mpc2 or Mpc3 homodimers also exist in vivo, even though both the growth test (Fig 2A) and analysis of transport activity (see Fig 4 below ) suggest that homodimers are non-functional.
MPC proteins differ in their membrane topology
Based on prediction algorithms, MPC proteins have previously been suggested to contain either two or three alpha-helical transmembrane segments (Bricker et al, 2012; Herzig et al, 2012) . In an attempt to resolve this question experimentally and to determine the localization of the N-and C-termini, we have used the thiol-reactive dye 4-acetamido-4 0 -((iodoacetyl) amino)stilbene-2,2 0 -disulfonic acid (IASD), which is able to cross the outer but not the inner mitochondrial membrane and thus can label only those cysteine residues of inner membrane proteins that are exposed to the intermembrane space (IMS) (Malhotra et al, 2013) . For these experiments, we have created single cysteine variants of both Mpc1 and Mpc3 by first changing the endogenous cysteines to alanines and then introducing cysteines at various positions along the polypeptide chain (Supplementary Fig S3A) . All MPC1 or MPC3 mutants were functional when expressed in the mpc1Δ or mpc2Δmpc3Δ background, respectively, Plasmid-encoded MPC proteins can be detected in isolated mitochondria when Mpc1 is co-expressed with either Mpc2 or Mpc3. Cells were grown in selective medium containing glycerol as a carbon source. MPC subunits were constitutively expressed from plasmids in indicated combinations in the mpc1Δmpc2Δmpc3Δ background and detected by Western blot using anti-HA or anti-Flag antibodies. Mitochondrial enzymes aconitase (Aco1) and malate dehydrogenase (Mdh1) were used as loading controls. C BN-PAGE confirms the formation of MPC FERM and MPC OX complexes after constitutive plasmid-based protein expression. Non-specific reactivity of the antibody is denoted by an asterisk (*). It has to be noted that all complexes migrate slightly faster than in Fig 1C, Supplementary Fig S3B and D) . To study the topology of the MPC proteins, mitochondria were isolated from appropriately transformed cells and treated in vitro with IASD. Accessibility of cysteines was detected by Western blot as a small increase in molecular weight (~500 Da) caused by covalent binding of the dye. Treatment with the reducing agent dithiothreitol (DTT) and lysis of mitochondrial membranes with the detergent Triton X-100 prior to the labeling served as negative and positive controls, respectively, for the labeling reaction. For Mpc1, in intact mitochondria, we found labeling of only one mutant, C87A/D51C, where the cysteine had been introduced in the short connecting loop between the first and second putative transmembrane segments, indicating that this loop is found in the IMS (Fig 3A, lanes 9-12) . All other variants were unlabeled (Fig 3A and  Supplementary Fig S3C) , including the variants in which cysteines were introduced in the N-or C-terminal regions (C87A/S12C or C87A/A116C), thus showing that both termini are found in the mitochondrial matrix. We therefore conclude in contrast to earlier predictions that Mpc1 contains only two transmembrane segments and that the short loop between these helices is found in the IMS (see Fig 3D) .
As predicted from the homology between all MPC proteins, the cysteine introduced at position 50 of Mpc3 (C87A/S50C) should also fall between the first two transmembrane regions, and as expected, this cysteine was also labeled with IASD ( Fig 3B, lanes 9-12) . While the N-terminal region (variant C87A/S16C; Fig 3B, lanes 5-8) was not labeled, we surprisingly detected labeling of the C-terminal cysteine variant C87A/S132C (Fig 3B, lanes 13-16) . The cysteines located within putative transmembrane segments were not labeled ( Supplementary Fig S3E) . This is compatible only with a threetransmembrane segment topology, where the N-terminus is found in the matrix and the C-terminus resides within the IMS (see Fig 3D) .
To confirm this, we expressed Mpc1, Mpc2, and Mpc3 fused C-terminally with green fluorescent protein (GFP). All GFP fusions were able to rescue the growth phenotype of the respective deletion mutant (Supplementary Fig S4A) . As expected from the calculated molecular weight of the fusion proteins, Western blot with an anti-GFP antibody detected a band of~40 kDa, indicating that GFP fusions were properly expressed ( Supplementary Fig S4B) . An additional band of~27 kDa most likely corresponded to the GFP moiety alone that is resistant to proteolytic removal in vivo. We then performed a protease protection assay using isolated mitochondria to determine the accessibility of MPC proteins to externally added proteinase K (PK). In intact mitochondria, no PK digestion of the GFP fusion proteins was observed (Fig 3C, lanes 1, 7 and 13) , whereas all GFP-fused molecules were completely degraded following complete membrane disruption in the presence of Triton X-100 (Fig 3C, lanes 3, 9 and 15) . Interestingly, when the outer membrane was disrupted selectively by hypo-osmotic swelling, both Mpc2-GFP and Mpc3-GFP were cleaved in the presence of PK, consistent with exposure of the C-terminus of those two proteins to the IMS (Fig 3C,  lanes 8 and 14) . Mpc1-GFP, on the other hand, was protected from PK digestion after swelling, presumably because it exposes only the short loop between the alpha-helical transmembrane segments to the IMS (Fig 3C, lane 2) .
In summary, we conclude from these data that Mpc1 has two transmembrane-spanning segments separated by a small loop which is localized to the IMS, while the N-and C-termini are associated with the mitochondrial matrix, and that in contrast, Mpc2 and Mpc3 have an additional transmembrane domain, which results in the projection of the C-termini of Mpc2 and Mpc3 into the IMS (Fig 3D) .
The transport activity of MPC OX is higher than that of MPC FERM
Having established the existence of two alternative MPC complexes, we were next interested in characterizing their pyruvate transport activities. Pyruvate uptake was assayed as previously described (Herzig et al, 2012) by measuring 14 C-labeled pyruvate import into isolated mitochondria expressing either MPC FERM or MPC OX . Import kinetics were determined using an inhibitor-stop approach with the specific MPC inhibitor UK5099 (Halestrap, 1975) . By performing the transport experiment in buffer at pH 6.8 while mitochondria were isolated in buffer at pH 7.4, we artificially created a proton gradient over the mitochondrial inner membrane that could be used as the driving force for pyruvate import. As expected, there was almost no import when the mpc1Δ mpc2Δ mpc3Δ triple deletion strain was transformed with the empty vectors (Fig 4A and B) . Likewise, mitochondria expressing either Mpc2 or Mpc3 alone show import only slightly above the background (Fig 4A and B) , confirming that Mpc2 or Mpc3 homodimers are non-functional in pyruvate transport. However, co-expression of either Mpc2 or Mpc3 with Mpc1 resulted in specific pyruvate import (Fig 4A and B) . Remarkably, the import rate after 5 min of incubation was about 2.2-fold higher when subunits Mpc1 and Mpc3 were expressed together, compared to co-expression of Mpc1 and Mpc2 (Fig 4A and B) , even though no difference was detected in protein expression levels (see Fig 2B) . Thus, the MPC OX displays a significantly higher rate of pyruvate import than does the MPC FERM (P = 0.0037).
As a control, we checked whether changes in mitochondrial pyruvate metabolism could be responsible for the observed differences in pyruvate uptake rates. This was considered necessary as we had previously observed a slightly lower PDH activity in mpc1Δ mitochondria (Herzig et al, 2012) , most probably because PDH requires a lipoic acid cofactor, for which mitochondrial pyruvate can serve as biosynthetic precursor (Schonauer et al, 2009) . We thus measured PDH activity in mitochondria expressing either MPC OX or MPC FERM . No significant differences were observed, and the activity in both cases was similar to the activity in mitochondria lacking any MPC subunit (Fig 4C) . Thus, we conclude that the increased pyruvate transport rate in the presence of MPC OX compared to MPC FERM is not due to increased pyruvate metabolism but to a higher intrinsic transport activity of the carrier.
Growth rates are unaffected by forced expression of MPC FERM and MPC OX
The differences in pyruvate transport activity of MPC FERM and MPC OX suggest that the subunit exchange serves to adapt mitochondrial pyruvate uptake to oxidative or fermentative metabolism. We thus asked whether forced expression of either complex had any effect in vivo. For this, we again used the plasmid-based expression system, where MPC genes are expressed from a constitutive promoter in cells devoid of all endogenous MPC genes. We measured growth curves in both glucose-and glycerol-containing minimal medium that supported maintenance of the plasmids. The strain containing empty vectors clearly showed delayed growth under both conditions, controls for the labeling reaction are shown. As a further control, also translocase of the inner membrane subunit Tim23 is detected by Western blot, which contains three endogenous cysteines, all of which are located in membrane-embedded regions. Labeling of an IMS-exposed cysteine with IASD is indicated by a mobility shift on SDS-PAGE corresponding to the molecular weight of IASD (~500 Da). C Protease protection assay in mitochondria expressing Mpc1-GFP, Mpc2-GFP, or Mpc3-GFP. Intact mitochondria (M), mitoplasts with a ruptured outer membrane after hypo-osmotic swelling (Sw), or mitochondrial lysates with 0.5% Triton X-100 (Tr) were treated with proteinase K (PK). Loading controls are Tom70 (outer membrane), Tim23 (inner membrane), and Mdh1 (matrix). GFP-fused Mpc2 and Mpc3 are degraded in mitoplasts, whereas Mpc1-GFP is not. 
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The EMBO Journal indicating that in minimal medium, mitochondrial pyruvate import is required for normal growth, even if BCAA are provided (Supplementary Fig S5) . In contrast, the growth rates of MPC FERM -and MPC OXexpressing cells were virtually indistinguishable, under both fermentative and respiratory conditions ( Supplementary Fig S5) . We conclude that the activity of MPC FERM under respiratory conditions is sufficient to promote normal proliferation.
The higher transport activity of MPC OX is dependent on the Mpc3 C-terminus
The subunits Mpc2 and Mpc3 are believed to have arisen from a recent gene duplication and share about 80% overall sequence identity (Bricker et al, 2012; Herzig et al, 2012) . However, while the major part of the protein from amino acid 1 to 106 shows a very high degree of homology, the extreme C-termini are completely different (Supplementary Fig S6A) . We therefore asked whether the alternative C-termini (22 amino acids in Mpc2, 39 amino acids in Mpc3) might be responsible for the difference in pyruvate uptake activities shown by the MPC FERM and MPC OX complexes. To address this question, we created chimeric proteins in which the C-terminus of Mpc2 was replaced by the C-terminus of Mpc3 (Mpc2
C3
) and vice versa (Mpc3 C2 ; Fig 5A) . Both chimeric proteins were co-expressed with Mpc1 in yeast cells lacking all three MPC genes (mpc1Δmpc2Δmpc3Δ). Initial Western blot analysis showed that whereas Mpc2 C3 -Flag was well expressed, only a trace of Mpc3 C2 was detectable (Fig 5B) , presumably due to impaired complex assembly or increased turnover of the latter protein construct. We therefore decided to exclude the Mpc3 C2 chimera from all further analyses. The construct Mpc2 C3 , however, was able to restore the growth phenotype of the triple deletion strain on minimal medium lacking amino acids ( Supplementary Fig S5B) , and interacted with co-expressed Mpc1-HA, as shown by co-immunoprecipitation ( Supplementary Fig S5C) . Thus, the Mpc2 C3 chimera was able to form an active pyruvate carrier together with Mpc1. We then examined the effect of the C-terminal substitution on the migration on BN-PAGE. The complex composed of Mpc1 and Mpc2 C3 ran at approximately the same size as MPC OX (Fig 5C) , again indicating that the chimeric protein is integrated into a functional pyruvate carrier complex. Interestingly, the~300-kDa complex was also formed in the presence of Mpc2 C3 (Fig 5C) . The formation of this larger complex normally formed between Mpc1 and Mpc3 is thus dependent on the C-terminal region of Mpc3. Finally, we measured in vitro import of 14 C-labeled pyruvate into mitochondria co-expressing Mpc2 C3 and Mpc1, and compared the activity with mitochondria expressing the MPC FERM or MPC OX complexes. Remarkably, the chimeric MPC complex showed about 85% of MPC OX activity and significantly greater activity than MPC FERM (P = 0.020; Fig 5D) . Thus, replacing the short C-terminal region of Mpc2 by the corresponding region of Mpc3 is sufficient to confer a significantly higher capacity for pyruvate transport, suggesting that the A MPC OX has higher transport activity than MPC FERM . The uptake of 14 C-labeled pyruvate into intact mitochondria was measured in vitro. 
Mitochondria had been isolated from cells grown in glycerol-
Discussion
The metabolic decision at the pyruvate branch point determines whether a cell uses oxidative phosphorylation or glycolysis for production of ATP. While it is clear that key enzyme activities like pyruvate decarboxylase or pyruvate dehydrogenase, which catalyze the first step toward the fermentative or oxidative route, respectively, are regulated (Gey et al, 2008; de Assis et al, 2013) , little is known about the carrier that transports pyruvate across the mitochondrial inner membrane. This study aims at elucidating the role of the mitochondrial pyruvate carrier in the regulation of cellular metabolism in the model organism Saccharomyces cerevisiae. Means of n = 4 experiments are shown, with error bars representing SEM.
Source data are available online for this figure. ª
Previous experiments have shown that either Mpc2 or Mpc3 is needed together with Mpc1 to maintain growth in the absence of BCAA, implying that the function of Mpc2 and Mpc3 may be redundant (Bricker et al, 2012; Herzig et al, 2012) . However, we found that these two subunits were differentially expressed in an all-ornothing fashion, depending on the carbon source on which the cells are grown (Fig 1A) . This finding is in good agreement with a previous study showing that MPC3 expression is strongly and rapidly induced via the HOG pathway when cells are shifted to glycerolcontaining medium (Timón-Gómez et al, 2013) . In addition, the MPC3 promoter was shown to bind the Sko1 transcription factor, and gene expression was upregulated in response to osmotic stress (Proft et al, 2005) , indicating that MPC3 is a highly regulated gene. The regulation of MPC2 expression, on the other hand, seems to be more complex. Our results suggest that the protein is more abundant when cells are grown in minimal medium ( Supplementary Fig  S1B) , indicating that it may be induced by deprivation of some nutrient that is lacking under these conditions. Moreover, Timón-Gómez et al (2013) have shown that the level of MPC2 mRNA does not change after a switch to a non-fermentable carbon source, yet we find only a faint trace of the HA-tagged protein under these conditions. We therefore suggest that Mpc2 protein levels may also be regulated post-transcriptionally, presumably by translational inhibition or proteolytic removal in the absence of glucose.
We have demonstrated using BN-PAGE that the differential subunit expression gives rise to two alternative MPC complexes that we have termed MPC FERM and MPC OX (Fig 1C) . In order to compare their properties, we have reconstituted both complexes in vivo by expressing each of the subunits from a constitutive promoter in cells lacking all three MPC genes (mpc1Δmpc2Δmpc3Δ). This has allowed us to study MPC FERM and MPC OX under the same growth conditions. Chemical cross-linking revealed that both MPC FERM and MPC OX are most likely to be heterodimers (Fig 2E and F) . We have also detected homodimeric forms of Mpc2 and Mpc3, which are present in the absence of Mpc1, or when the subunit is present in excess over Mpc1 ( Supplementary Fig S2B and C) . However, homodimers are unable to transport pyruvate (Fig 4A and B) . We thus propose that in vivo, Mpc2 and Mpc3 homodimers may provide a reservoir of functional subunits that can be rapidly recruited by Mpc1 to form the functional carrier most appropriate to the growth conditions.
Even though the theoretical molecular weight of a dimeric MPC complex would be around 30 kDa, the native complex shows an apparent molecular weight of~150 kDa on BN gels. This could indicate that multiple dimers assemble to form the mature carrier, or that additional, yet undiscovered subunits are present in the complex, which were not cross-linked by DSG in our assay. It has to be taken into account, however, that the presence of membrane lipids or detergents bound to the dimeric MPC may affect its mobility in native electrophoresis, leading to an overestimation of its size. Likewise, it was recently demonstrated that the 30-kDa monomeric mitochondrial ATP/ADP carrier migrates with an apparent molecular weight of~120 kDa in BN-PAGE (Crichton et al, 2013) . Thus, we consider it likely that it is the~30-kDa MPC dimer that migrates at 150 kDa on BN gels. Interestingly, MPC proteins were reported to be similar to a group of transporters called the PQ-loop family (Jezegou et al, 2012) . Because these transporters contain seven transmembrane segments organized in two consecutive three-helix domains on the same polypeptide chain, it has been speculated that the shorter MPC proteins could dimerize in order to form a full carrier (Gray et al, 2013) , an idea that is now supported by the discovery of MPC heterodimers. Furthermore, the three-dimensional structure of bacterial SemiSWEET transporters, which are also remotely similar to MPC proteins, was recently solved, showing that two-three-helix subunits form a homodimer (Xu et al, 2014) . It is thus conceivable that the heterodimeric MPC is an asymmetric version of a SemiSWEET-like dimeric carrier and that MPC and SemiSWEET proteins evolved from a common ancestor (Xu et al, 2014) .
The exact membrane topology of MPC proteins has not been determined to date. Here, we show that Mpc1 has two transmembrane domains, with both the N-and C-terminus located in the matrix, while Mpc3 has three-transmembrane domains with the N-terminus in the matrix and the C-terminus in the IMS (see model in Fig 3D) . Based on the high degree of sequence similarity, we assume that Mpc2 has the same topology as Mpc3, which is also confirmed by the protease protection experiments performed with mitochondria expressing either Mpc2-GFP or Mpc3-GFP (Fig 3C) . A similar protease protection experiment conducted by Herzig et al (2012) suggests that the different membrane topology of MPC proteins is also conserved in mammalian cells. An additional interesting difference between Mpc1 and the other two subunits is that Mpc1 is not stable when expressed on its own (Fig 2B) . It will therefore be an interesting question for future research to relate the topological and structural differences between Mpc1 and Mpc2/Mpc3 to their different functions within the MPC.
By directly measuring pyruvate uptake in isolated mitochondria, we have shown that MPC OX has a higher transport activity than MPC FERM (Fig 4) . Despite this, forced expression of either MPC FERM in glycerol-containing medium, or of MPC OX in glucose-containing medium does not have a significant effect on growth rates (Supplementary Fig S5) . This result is not surprising, however, given that a complete loss of all MPC proteins can be tolerated without an apparent growth defect in rich medium (Bricker et al, 2012; Herzig et al, 2012) . We suggest that in the case of MPC FERM expression under respiratory conditions, alternative pathways leading to the production of acetyl-CoA, like fatty or amino acid oxidation, can compensate for the lower mitochondrial pyruvate uptake rates. Indeed, a similar scenario was recently described for cultured mammalian cells after downregulation or pharmacological inhibition of the MPC (Vacanti et al, 2014; Yang et al, 2014) . In the case of MPC OX expression under fermentative conditions, it is possible that changes in mitochondrial enzymes downstream of MPC, for example, inhibition of PDH through reversible phosphorylation (Gey et al, 2008) , may create a constriction in pyruvate flux such that despite the presence of the high-activity carrier, the majority of pyruvate is diverted toward ethanol production. The absence of a growth phenotype after forced expression of either MPC complex is therefore not inconsistent with the conclusion that in wild-type cells, the alternative MPC complexes indeed play a role in adapting the cellular metabolism to nutrient availability.
Based on these data, we propose the following model for regulation of metabolite flux at the pyruvate branch point (Fig 6) . PDC, the first enzyme in the fermentation pathway, and the MPC both compete for the pyruvate produced through glycolysis. In cells grown in glucose (Fig 6A) , PDC is upregulated in the cytosol, while The EMBO Journal Regulation of mitochondrial pyruvate uptake Tom Bender et al the low-activity transporter MPC FERM is present in mitochondria, which results in the majority of pyruvate remaining in the cytosol where it is processed to ethanol. Under these conditions, MPC FERM transports just sufficient pyruvate to ensure the biosynthesis of leucine and valine for which mitochondrial pyruvate is the precursor, as evidenced by the slow growth phenotype of mpc mutants in medium lacking amino acids (Bricker et al, 2012; Herzig et al, 2012) . Under respiratory conditions (Fig 6B) , on the other hand, cells express the high-activity MPC OX and divert the majority of pyruvate toward the mitochondrial matrix, where it is used to fuel the TCA cycle and ATP production in the respiratory chain. In order to investigate the molecular basis for the differences in transport activity between MPC OX and MPC FERM , we focused our attention on the C-termini of the alternative subunits Mpc2 and Mpc3 (Fig 5) , since this is the main region of sequence divergence between the two proteins. Strikingly, we found that after replacing the C-terminus of Mpc2 with the C-terminus of Mpc3 (Mpc2 C3 ), the transport activity of the chimeric complex was increased almost to the level of MPC OX (Fig 5D) . It seems therefore that the C-terminus of Mpc3 plays a major role in efficient mitochondrial pyruvate uptake by the MPC OX complex. Interestingly, the chimeric MPC is also able to form the~300-kDa complex, which is normally only formed when Mpc1 is present together with Mpc3. It remains to be determined whether the formation of the~300-kDa complex is responsible for the high transport activity and whether additional components besides Mpc1 and Mpc3 are present in this structure.
In summary, our results argue in favor of a key role for the MPC in the control of cellular metabolism at the pyruvate branch point, and we propose that, in addition to other regulated enzymes such as PDH or PDC, the subunit exchange within the MPC contributes to the Crabtree effect in yeast (Fig 6) . This raises the interesting question of whether regulation of mitochondrial pyruvate transport may also be responsible at least in part for the Warburg effect in cancer cells, as was recently suggested (Schell et al, 2014) . Clearly, the subunit exchange mechanism is not conserved in mammals, since there are only two subunits encoded in mammalian genomes. Nevertheless, we show here for the first time that a mechanism for regulating pyruvate transport has evolved that acts at the level of the MPC. It is thus tempting to speculate that controlling MPC activity has the potential to contribute to the regulation of cellular energy metabolism in higher eukaryotes. In this respect, it is interesting that mouse MPC2, the homolog of yeast Mpc2 and Mpc3, becomes reversibly acetylated on two lysine residues, which is dependent on caloric restriction and the SIRT3 deacetylase (Hebert et al, 2013) . Furthermore, SIRT deacetylases are currently regarded as major regulators of metabolism in mammalian cells (Sack & Finkel, 2012) . It therefore seems plausible that rather than the subunit exchange mechanism we have described in yeast, higher eukaryotes may have evolved posttranslational mechanisms to control MPC activity and thus to determine the intracellular fate of pyruvate in relation to the physiological needs of the cell.
Materials and Methods
Yeast cultivation, mitochondria isolation, and growth tests Saccharomyces cerevisiae strains used in this study are listed in Supplementary Table S1 . Yeast cells were grown in YP medium (1% yeast extract, 2% peptone) containing 2% glucose (YPD) or 3% glycerol (YPG), or in synthetic dropout medium (0.67% yeast nitrogen base, 2% glucose) with (SD+AA) or without (SDÀAA) amino acid mix, and mitochondria were isolated by differential centrifugation, A B Figure 6 . Model for regulation of metabolism at the pyruvate branch point.
A Fermentative conditions. The low-activity MPC FERM (composed of Mpc1 and Mpc2) is competing for cytosolic pyruvate produced through glycolysis with pyruvate decarboxylase (PDC), the first enzyme of the alcoholic fermentation pathway. Consequently, the majority of pyruvate remains in the cytosol is decarboxylated by PDC and is finally transformed into ethanol. Low-level transport of pyruvate into mitochondria is required for the biosynthesis of leucine and valine. In addition, mitochondrial pyruvate oxidation may be blocked by a hypothetical inactivation of pyruvate dehydrogenase (PDH) by phosphorylation of the E1 subunit under these conditions. B Respiratory conditions. The high-activity MPC OX (composed of Mpc1 and Mpc3) is expressed while PDC is downregulated. This allows the efficient uptake of pyruvate into mitochondria. Inside the organelle, pyruvate is converted to acetyl-CoA by PDH, which enters the TCA cycle and thus finally fuels ATP production in the respiratory chain. The subunit exchange in the MPC thus very likely participates in the Crabtree effect in Saccharomyces cerevisiae. .0, 500 mM e-aminon-caproic acid) was added. Samples were loaded on 6-16% polyacrylamide gradient gels and run at 4°C with current limited to 15 mA. Gels were transferred to PVDF membrane, and protein complexes were detected by immunodecoration with specific antisera.
Co-immunoprecipitation
Immunoprecipitation of the Flag epitope was performed using 20 ll of anti-Flag M2 affinity gel (Sigma) equilibrated three times in 500 ll wash buffer [0.2% (w/v) digitonin, 20 mM Tris pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF, 5% (v/v) glycerol, protease inhibitors (Roche)]. 400 lg of isolated mitochondria was lysed in 800 ll of lysis buffer [1% (w/v) digitonin, 20 mM Tris pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF, 5% (v/v) glycerol, protease inhibitors (Roche)] and centrifuged for 15 min at 21,000 × g to remove non-solubilized material. After removing a 40-ll sample (input), the remaining lysate was incubated with the beads at 4°C for 1 h on a rotating wheel. Beads were washed three times in wash buffer, and bound material was eluted with 0.5 M acetic acid (pH 3.4) and neutralized immediately with 1 M Tris base. Samples were precipitated with TCA and analyzed by SDS-PAGE and Western blotting.
IASD labeling
Labeling of MPC proteins with IASD (4-acetamido-4 0 -((iodoacetyl) amino)stilbene-2,2 0 -disulfonic acid, Molecular Probes) was performed essentially as described (Malhotra et al, 2013) . Briefly, 20 lg of isolated mitochondria was either resuspended in 80 ll SEM buffer or SEM buffer containing 0.5% [v/v] Triton X-100. Mitochondrial proteins were then labeled by addition of IASD to a final concentration of 2.5 mM and incubation at 26°C for 20 min. Reactions were subsequently quenched by addition of 200 mM DTT.
Samples were precipitated with TCA and examined by SDS-PAGE and Western blotting.
Protease protection assay
Fifty microgram of mitochondria was resuspended in either 100 ll SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS-KOH pH 7.2) or hypotonic swelling buffer (1 mM EDTA, 10 mM MOPS-KOH pH 7.2) or lysis buffer (SEM containing 0.5% Triton X-100).
Reactions were split in two halves, to one of which was added 50 lg/ml proteinase K (PK). All reactions were subsequently incubated for 20 min on ice, and then, PK digestion was stopped by the addition of 2 mM phenylmethylsulfonyl fluoride (PMSF). Total mitochondrial protein was precipitated with TCA and analyzed by SDS-PAGE and Western blotting.
Chemical crosslinking
20 lg of isolated mitochondria was resuspended in 100 ll of SEM buffer, and the cross-linker disuccimidyl glutarate (DSG, Thermo Scientific) dissolved in 2 ll DMSO was added to a final concentration of 500 lM. After incubation for 30 min on ice, 25 mM Tris pH 7.4 was added to quench the reaction, and samples were incubated on ice for an additional 15 min. Mitochondria were re-isolated by centrifugation, washed, and analyzed by SDS-PAGE and Western blotting.
Pyruvate transport into isolated mitochondria
Pyruvate transport experiments were performed as described previously (Herzig et al, 2012) , with minor modifications. For each time point, 250 lg of isolated mitochondria was resuspended in 50 ll pyruvate transport buffer pH 7.4 [PTB7.4; 250 mM sucrose, 80 mM KCl, 5 mM MgCl 2 , 10 mM MOPS pH 7.4, 0.1% (w/v) bovine serum albumin] and added to 150 ll pyruvate transport buffer pH 6.8 (PTB6.8; 250 mM sucrose, 80 mM KCl, 5 mM MgCl 2 , 10 mM MOPS pH 6.8, 0.1% [w/v] bovine serum albumin) containing 50 lM [ 14 C]-pyruvate. Reactions were incubated on ice, and import was stopped at the indicated times by addition of 10 lM UK5099 (Sigma). Mitochondria were re-isolated by centrifugation for 1 min at 16,000 × g, washed with 500 ll PTB7.4 containing 50 mM cold pyruvate, and centrifuged again. Imported [ 14 C]-pyruvate was quantified by scintillation counting. Values shown are means AE SEM of at least four independent experiments. For statistical analyses, the unpaired t-test was employed.
Plasmids, reagents, and enzyme activity measurements
Plasmids for expression of MPC subunits were generated by amplifying the open reading frames YGL080w (MPC1), YHR162w (MPC2), and YGR243w (MPC3) from WT (BY4741) genomic DNA by PCR and inserting the resulting sequences into the expression vector pRS313 or pRS316 (Sikorski & Hieter, 1989) The EMBO Journal Regulation of mitochondrial pyruvate uptake Tom Bender et al complex activity was measured as described previously (Bender et al, 2011) . Values shown are means AE SEM of three independent experiments.
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